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We report here the first quantitative study of the branched-chain amino acid biosynthetic pathway in Sal-
monella typhimurium LT2. The intracellular levels of the enzymes of the pathway and of the 2-keto acid inter-
mediates were determined under various physiological conditions and used for estimation of several of the
fluxes in the cells. The results led to a revision of previous ideas concerning the way in which multiple aceto-
hydroxy acid synthase (AHAS) isozymes contribute to the fitness of enterobacteria. In wild-type LT2, AHAS
isozyme I provides most of the flux to valine, leucine, and pantothenate, while isozyme II provides most of the
flux to isoleucine. With acetate as a carbon source, a strain expressing AHAS II only is limited in growth be-
cause of the low enzyme activity in the presence of elevated levels of the inhibitor glyoxylate. A strain with
AHAS I only is limited during growth on glucose by the low tendency of this enzyme to utilize 2-ketobutyrate
as a substrate; isoleucine limitation then leads to elevated threonine deaminase activity and an increased
2-ketobutyrate/2-ketoisovalerate ratio, which in turn interferes with the synthesis of coenzyme A and methio-
nine. The regulation of threonine deaminase is also crucial in this regard. It is conceivable that, because of
fundamental limitations on the specificity of enzymes, no single AHAS could possibly be adequate for the varied
conditions that enterobacteria successfully encounter.

The branched-chain amino acid (BCAA) and pantothenate
biosynthetic network in bacteria (Fig. 1) has many complex
features which make an analysis of its regulation and control in
whole cells interesting and challenging. These features include
branching, homologous reactions catalyzed by single enzymes,
multivalent regulation of both gene expression and allosteric
enzymes, and the production of both amino acid building
blocks and the critical cofactor molecule coenzyme A (67).
Three enzymes, each with dual specificities, are common to the
parallel pathways leading to the keto acid precursors of valine
and isoleucine, 2-ketoisovalerate and 2-keto-3-methylvalerate,
respectively (67). The first of these enzymes, acetohydroxy acid
synthase (AHAS; EC 4.1.3.18; also called acetolactate syn-
thase), can catalyze the decarboxylation of pyruvate and its
condensation either with a second molecule of pyruvate, to
produce acetolactate (a precursor of valine, leucine, and co-
enzyme A), or with 2-ketobutyrate, to produce acetohydroxy-
butyrate (a precursor of isoleucine). Any given AHAS cata-
lyzes the formation of acetohydroxybutyrate and acetolactate
at relative rates VAHB and VAL, respectively, which are pro-
portional to the relative concentrations of 2-ketobutyrate and
pyruvate, with a fixed specificity R characteristic of the enzyme
(2, 28):

VAHB/VAL 5 R 3 ([2-ketobutyrate]/[pyruvate]) (1)

The reaction catalyzed by AHAS is an essentially irrevers-
ible branch point in the pathway and thus plays a key role in

determining the relative fluxes to the two sets of end prod-
ucts.

The genomes of Escherichia coli and Salmonella typhimu-
rium each encode three AHAS isozymes, which differ in their
expression patterns, substrate specificity (R), sensitivity to feed-
back inhibition by valine, and other kinetic parameters (3, 18,
19, 67, 68). S. typhimurium LT2 expresses only two of these,
AHAS I, encoded by ilvBN, and AHAS II, encoded by ilvGM.
AHAS II is sufficient by itself for prototrophic growth on glu-
cose (15). The marked preference of this enzyme for 2-ketobu-
tyrate over pyruvate suggests that AHAS II will produce com-
parable amounts of acetolactate and acetohydroxybutyrate in
vivo despite the large difference in the concentrations of these
substrates (3); while pyruvate is an abundant, widely used cen-
tral metabolite, 2-ketobutyrate is present in cells at low con-
centrations. Normal growth on acetate or oleate, on the other
hand, requires AHAS I (15). Such carbon sources were re-
ported to lead to much lower intracellular pyruvate concentra-
tions (46) and are expected to lead to increased levels of
glyoxylate (52), which has been reported to inhibit AHAS (14,
28). The cyclic AMP-catabolite gene activator protein-me-
diated activation of ilvBN expression (27) leads to sufficient
AHAS I for growth, even in the presence of an elevated gly-
oxylate titer (15). It has been suggested that AHAS I, with its
low selectivity for 2-ketobutyrate, is particularly appropriate
for low pyruvate concentrations (2, 14, 15, 29). AHAS I is thus
assumed to provide enterobacteria with the ability to adapt to
a wider range of carbon sources and metabolic challenges.
Despite this reasonable rationalization for the existence of
multiple AHAS isozymes, the roles played by each isozyme in
the partitioning of flux in the two parallel pathways have not
been quantitatively assessed.

We now describe a quantitative study of the BCAA pathway
in S. typhimurium LT2 and several mutants derived from it. We
determined the intracellular levels of a number of enzymes,
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including threonine deaminase, AHAS isozymes I and II, ketol
acid reductoisomerase, and dihydroxy acid dehydratase, under
different physiological conditions. We also determined the in-
tracellular levels of the 2-keto acids, since changes in their
levels inside cells seem to be crucial for an understanding of
the regulation and control of the pathway (25, 44, 57).

MATERIALS AND METHODS

Materials. Racemic acetolactate was prepared by the method of Krampitz (38)
as described previously (25). Dihydroxyisovalerate was a gift of Dennis Flint, E. I.
du Pont de Nemours & Company, Wilmington, Del. Sulfometuron methyl was a
gift from the same company.

Bacterial strains. Bacterial strains used in this work, their genotypes, and their
relevant phenotypes are listed in Table 1. P22-generalized transduction was used
to construct the otherwise isogenic strains differing in ilv alleles. P22HT int-4 was
grown on donor strains and subsequently used at a multiplicity of infection of 0.8
as previously described (17). Several S. typhimurium strains used here, TV105,
TV108, TV493, TV496, TV497, TV503, and TV506, also harbor an F9 episome,
F9 pro-lac zzf-1836::Tn10 Cm, which confers chloramphenicol resistance and an
inducible b-galactosidase activity. This episome was useful for parallel experi-
ments on responses to inhibitors (25) but is not relevant for the work presented
here. For clarity and ease of reading, we do not include the notation F9 pro-lac
zzf-1836::Tn10 Cm in the names of the strains in Table 1 or in the text.

Bacterial growth and media. Growth media used were the rich medium LB
(48) and the minimal medium MOPS (51). Either glucose or acetate was added
to the minimal medium to a final concentration of 0.4 or 0.8% (wt/vol), respec-
tively. Chloramphenicol, ampicillin, kanamycin, and tetracycline were added
when appropriate at 30, 100, 50, and 10 mg/liter, respectively. Bacteria were
grown and growth was monitored as described previously (25).

Preparation of extracts. The preparation of extracts for the determination of
enzyme activity and analysis of keto acid content in bacterial extracts were
performed as described previously (25). Intracellular metabolite concentrations
were calculated from the cellular contents measured assuming that 1011 cells
contain 0.06 ml of cytoplasmic volume (excluding the periplasmic volume) (30,
50).

Extracts for amino acid analysis were prepared essentially as described previ-
ously (54, 58). Exponentially growing cultures (4 3 108 cells ml21; 40 Klett units)
were filtered (four 30-ml portions) through nitrocellulose filters (47 mm; 0.45-
mm-pore size). Cells on the filters were extracted by vigorous mixing (30 s) in
boiling water (1 ml) containing 50 nmol of phenylalanine as an internal standard
and 50 ml of toluene, heating at 100°C for 15 min, and cooling on ice. The
suspensions were centrifuged at 5,000 3 g for 15 min, and the combined super-
natants were vacuum dried in a SpeedVac apparatus overnight. The resulting
powder was resuspended in 400 ml of distilled water and filtered by centrifugation
at 4°C through Ultrafree-MC filters (Millipore). The filtrate was lyophilized
overnight.

Analysis of intracellular amino acids and keto acids. Automated analysis of
amino acids was performed by Aminolab (Rehovot, Israel) with a slow gradient
(physiological amino acid analysis). The recovery of a standard amino acid
mixture prepared in the same way was between 60 and 70%. Protein in the cell

precipitates was determined by the method of Lowry et al. (47). The analysis of
intracellular keto acids was performed as previously described (25).

Total amino acid contents of bacteria. An exponentially growing culture (120
ml) of S. typhimurium (40 Klett units) was centrifuged at 5,000 3 g at 4°C. The
cell pellet was resuspended in 0.5 ml of medium and vacuum dried in a SpeedVac
apparatus overnight to yield 17 mg of dry cells. Acid hydrolysis was carried out
for 22 or 44 h, and the hydrolysate was analyzed by Aminolab with a standard
automated procedure (64).

Determination of enzyme activities in bacterial extracts. The enzyme activities
of threonine deaminase, AHAS, and ketol acid reductoisomerase were deter-
mined at 37°C and pH 7.6 as previously described (25). The activity of diol
dehydratase in 50 to 200 ml of bacterial extract was determined by the method of
Kiritani and Wagner (35), except for use of a buffer at pH 7.6.

For the differential determination of AHAS isozymes I and II, parallel reac-
tions were carried out with 100 mM phosphate buffer, 0.1 mM thiamine pyro-
phosphate, 40 mM pyruvate, 10 mM MgCl2, and 0.025 mM flavin adenine di-
nucleotide (FAD), with or without the addition of 100 mM sulfometuron methyl
or 2 mM valine. Under the conditions of our assays, the AHAS activities of
TV105 (AHAS II only) and TV496 (AHAS I only) were 98 and 4% inhibited,
respectively, by 100 mM herbicide sulfometuron methyl and 1 and 96% inhibited,
respectively, by 2 mM valine. For the differential determination of AHAS iso-
zymes I and III in E. coli, extracts were prepared without FAD in the disruption
buffer. The activities were then determined in four parallel reactions with a
reaction buffer as described above, except that the FAD concentration was 0 or
0.25 mM and 0 or 116 mg of purified AHAS III small (regulatory) subunits,
prepared as described previously (72), was added. In this assay, extracts of
bacteria expressing only AHAS I had little or no activity in the absence of added
FAD, while extracts of strains expressing only AHAS III had essentially the same
activity in the absence or presence of added FAD. The activity in an extract of
E. coli K-12 prepared without FAD was thus the contribution of AHAS III, while
the difference in activities with and without added FAD was due to AHAS I. As
AHAS III dissociates into its large and small subunits at high dilutions (62), we
included in the assays of AHAS in E. coli K-12 an excess of purified AHAS III
small subunits (72), which have no activity by themselves but which ensure that
all the large subunits are in the active holoenzyme form.

The protein content in all extracts was determined by the procedure of Brad-
ford (9). Bovine serum albumin (BSA) served as a standard.

For the calculation of estimated fluxes, the measured enzyme activities (in
nanomoles minute21 mg of protein21; see Table 3) were converted to units of
flux (e.g., millimolar minute21) by multiplication by the extracted protein yield in
each sample of cells and division by the internal cell volume represented by that
sample.

RESULTS

Nutritional requirements and growth properties of the S. ty-
phimurium strains. The experiments reported here were car-
ried out with isogenic strains derived from S. typhimurium LT2
(Table 1). The behavior of the strains (Table 2) was generally
similar to that reported for other strains with mutations in the
same genes (15, 57, 63).

TABLE 1. Bacterial strains used in this study

Strain Genotype Relevant
phenotype Source or reference

Salmonella typhimurium
DU503 ilvG236 73
DU2616 ilvB1 ilvG236 pan-187 ara-9 gal 73
LT2 Ilv1 LaRossa laboratory collection
MS1286 ilvBN::MudI1734 15
TT66 ilvG1007::Tn10 4, 40
TT2010 zid-64::Tn10 metE338 hisD2421 ara-9 61
TV088 ilvA219 43
TV105 ilvBN::MudJ Kmr Ilv1 Sms P22 (MS1286) 3 LT2 3 Kmr (Sms)
TV108 ilvG1007::Tn10 Tcr Ile2 P22 (TT66) 3 LT2 3 Tcr (Ile2)
TV484 zid-64::Tn10 ilvG236 P22 (TT2010) 3 DU503 3 Tcr (Ile2)
TV486 zid-64::Tn10 ilvB1 ilvG236 pan-187 ara-9 gal P22 (TT2010) 3 DU2616 3 Tcr (Ile2 1 Val2)
TV493 zid-64::Tn10 ilvG236 ilvBN::MudJ Tcr Kmr Ilv2 P22 (TV484) 3 TV105 3 Tcr (Ile2 1 Val2) (Kmr)
TV496 zid-64::Tn10 ilvG236 Tcr P22 (TV486) 3 LT2 3 Tcr (Ile2 or Met2 or Pan2)
TV497 zid-64::Tn10 ilvG236 ilvA219 Tcr Pan2 P22 (TV484) 3 TV088 3 Tcr (Met2 or Pan2)
TV503 zid-64::Tn10 ilvG236 ilvBN::MudJ ilvA219 Tcr Kmr Ilv2 P22 (MS1286) 3 TV497 3 Kmr (Ile2 1 Val2) (Tcr)
TV506 ilvBN::MudJ ilvA219 Kmr Ilv1 Sms P22 (MS1286) 3 TV088 3 Kmr

Escherichia coli MM294 F2 endA1 hsdR17 (rK2 mK1) supE44 thi-1
relA1 rfbD1? spo1

Ilv1
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S. typhimurium TV105, which expresses AHAS II only, was
able to grow in glucose as well as wild-type LT2 but grew very
slowly in acetate (Table 2). The slow growth of TV105 contin-
ued for more than 15 generations, ruling out the possibility that
it was an artifact of nutrient carryover. In contrast, the S. ty-
phimurium ilvBN mutant reported by Dailey et al. (15) did not
grow at all in acetate as a carbon source. Pantothenate most
dramatically improved the growth rate, although it was inca-

pable of restoring it to wild-type levels, while valine or isoleu-
cine individually slightly improved it.

TV496, which expresses AHAS I only, grew with difficulty in
glucose (63) (Table 2). The isoleucine precursors 2-ketobuty-
rate and threonine provided partial relief of the apparent iso-
leucine limitation only after a lag of approximately 5 h. Pan-
tothenate or methionine strongly stimulated the growth of this
strain. In acetate, the growth of TV496 was slower than that of
the wild type, and the addition of either pantothenate, methi-
onine, or isoleucine plus valine stimulated growth. In contrast
to TV496, which contains a point mutation in the ilvGM gene,
strain TV108, which contains a Tn10 transposon insertion in
ilvGM, was unable to grow well in glucose with the addition of
pantothenate or methionine.

Both strain TV497 and strain TV506 also contain the ilvA219
mutation, which codes for a threonine deaminase which is in-
sensitive to feedback inhibition by isoleucine (11). However,
rather than making up for the low 2-ketobutyrate specificity of
AHAS I (the single AHAS isozyme expressed in TV497), this
absence of control in the production of 2-ketobutyrate inter-
fered with growth in both glucose and acetate media so that
TV497 grew far more slowly than isogenic strain TV496 ex-
pressing wild-type threonine deaminase. The effect of the ilvA219
mutation was also observed in a comparison of TV105 and
TV506, which express AHAS II only.

Cellular enzyme levels. The five enzyme activities deter-
mined with freshly prepared extracts from S. typhimurium LT2
(Table 3) are similar to those determined by Primerano and
Burns for this strain under slightly different conditions (57).
The differential determination of AHAS I and AHAS II in
S. typhimurium LT2 was based on the facts that AHAS I is
almost completely inhibited by 2 mM valine, while AHAS II is
valine resistant (19, 20), and that AHAS II is almost com-
pletely inhibited by 100 mM sulfometuron methyl, while AHAS
I is barely affected (40). It should be noted that the enzyme
activities reported in Table 3 were determined in vitro under
standard, near-optimal conditions and thus reflect the relative
amounts of the proteins present. They are informative as in-
direct indicators of the induction or repression of synthesis of
the enzymes. These activities were also used, together with oth-
er data, to calculate estimated fluxes in the cells (see below). In
wild-type LT2 grown in minimal medium with glucose, the
levels of expression of the enzymes encoded by the ilvGMEDA,
ilvBN, and ilvYC operons (with the exception of threonine
deaminase) were elevated by only two- to threefold compared
to those measured in the presence of high concentrations of all
three BCAAs. Most of the mutant S. typhimurium strains ex-
amined here showed high levels of the enzymes encoded by the
ilvGMEDA and/or ilvBN operons in minimal medium, com-
pared to LT2, under similar conditions (Table 3).

Mutants expressing only AHAS I were too limited in growth
in minimal medium MOPS with glucose (Table 2) for mean-
ingful measurements of steady-state enzyme levels. However,
in the presence of 0.34 mM pantothenate, TV496 and TV497
had doubling times of 1.5 h. We expected the enzyme levels
observed under these conditions (Table 3) to be relevant to the
availability of the amino acids, as pantothenate is not a known
effector of the BCAA pathway (67). The fourfold derepression
of the ilvBN operon in these mutants relative to the wild type
reflected the lack of AHAS II, which must play the major role
in isoleucine synthesis in wild-type bacteria (see below). The
levels of AHAS I were elevated during growth in acetate com-
pared to growth in glucose, in accord with the well-known
activation of ilvBN expression by the catabolite gene activator
protein-cyclic AMP catabolite repression system (14, 66).

The very low levels of threonine deaminase and diol dehy-

TABLE 2. Doubling times of S. typhimurium
strains in various mediaa

Strain AHAS(s)
expressed Addition(s)b

Doubling time (h) inc:

Glucose Acetate

LT2 I 1 II None 1.3 2.5
Val 1.3 3.0
Val 1 Ile 1.3 2.5

TV105 II None 1.3 7–10
Val 1.3 5.0
Ile 1.3 5.0
Val 1 Ile 1.3 2.5
Pan 1.3 3.8

TV506d II None 1.5 ND
Val 1.3 2.5
Ile 1.5 ND
Val 1 Ile 1.3 2.5
Pan 1.3 ND
Met 1.4 ND

TV496 I None .5e 3.5
Thr 2.3f NM
KB 2.7f NM
Ile 1.4 3.5
Val ND NM
Val 1 Ile 1.3 2.4
Pan 1.5 2.9
Met 1.8 2.5

TV497d I None ND ND
Ile ND ND
Val 1 Ile 1.4 3.4
Pan 1.5 5.2
Met 1.6 4.5
Leu 1 Pan 1.5 NM

TV108 I None 10–15 3.0
Thr 2.2 NM
KB 2.3 NM
Ile 1.3 3.0
Val 1 Ile 1.3 2.5
Pan 10–15 3.1
Met 10–15 3.1

a Cells were grown in glucose or acetate in the presence of limiting amounts
(10 mg/ml) of valine and isoleucine as described in Materials and Methods,
washed twice with buffer by centrifugation and resuspension, and transferred to
the appropriate medium.

b Additions to the media were at the following concentrations (millimolar):
valine (Val), 0.85; isoleucine (Ile), 0.38; leucine (Leu), 0.45; threonine (Thr), 1.0;
methionine (Met), 0.34; pantothenate (Pan), 0.34; and ketobutyrate (KB), 1.0.

c ND, no visible growth detected during 30 h; NM, not measured.
d AHAS mutants TV506 and TV497 carry an additional mutation in the ilvA

gene. This ilvA219 mutation codes for a threonine deaminase that is not sensitive
to feedback inhibition by Ile (11).

e TV496 begins growing in glucose with a generation time of 2.2 h, which
increases to .5 h after 10-fold dilution.

f TV496 grows in glucose with the addition of Thr or KB only after a lag of
approximately 5 h.
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dratase, two of the other enzymes encoded by ilvGMEDA,
observed in strain TV108 were a result of the Tn10 insertion in
ilvGM, which clearly has a polar effect on the expression of the
downstream genes (37, 45, 53). The behavior of TV496, which
expresses these genes at levels much closer to those observed
in wild-type LT2 (Table 3), is thus more directly relevant to the
role of AHAS isozymes in the pathway than is that of TV108.

Ketol acid reductoisomerase activity is expected to reflect
intracellular levels of the acetohydroxy acids acetolactate and
acetohydroxybutyrate, since the expression of ilvC is induced
by these compounds (6, 55, 60, 74). However, strains TV493
and TV503, which are completely devoid of AHAS activity and
hence are unable to synthesize the inducing acetohydroxy ac-
ids, had levels of ketol acid reductoisomerase only twofold
lower than the highest levels observed with other strains. This
finding suggests that under most conditions, the other strains
do not exhibit strong induction of ilvYC.

Table 3 also includes the levels of enzymes expressed in an
E. coli K-12 strain, MM294, expressing both AHAS I and
AHAS III. The differential determination of these two iso-
zymes was based on the tight binding of FAD by AHAS III (1).
This analysis showed that 55% 6 5% or 61% 6 5% of the spe-
cific activity of AHAS in E. coli MM294 was contributed by
AHAS I when the bacteria were grown in glucose or acetate,
respectively, as the carbon source (Table 3).

Intracellular keto acid levels. Keto acids were determined,
as previously described (25), in amounts equivalent to intra-
cellular concentrations of 0.5 mM to 1 mM (Table 4). Pyruvate
was also determined independently by the lactate dehydroge-
nase assay (25). The pyruvate level in S. typhimurium ranged

from 0.8 to 1.5 mM when glucose was the carbon source and
decreased to 0.5 to 0.8 mM when the cells were grown in
acetate. As expected, because of the importance of the glyoxy-
late shunt to the utilization of acetate or fatty acids as sole car-
bon sources (52, 59), glyoxylate levels were 5- to 10-fold higher
in acetate than in glucose. The resolution of the peak for the
glyoxylate derivative was not always possible without special
modification of the high-pressure liquid chromatography gra-
dient, so the data presented for this keto acid are limited.

The 2-keto acids specifically related to the BCAA biosyn-
thetic pathway, including 2-ketobutyrate, were minor metabo-
lites in wild-type S. typhimurium LT2 grown in either glucose or
acetate (Table 4). Mutants expressing AHAS I only (TV496,
TV497, and TV108) showed elevated levels of 2-ketobutyrate
(60 to 140 mM, compared to 17 mM in LT2). The addition of
isoleucine to the growth medium of TV496 and TV108 de-
creased 2-ketobutyrate levels presumably by effective feedback
inhibition of threonine deaminase by isoleucine and increased
2-keto-3-methylvalerate levels by transamination of the iso-
leucine. The addition of isoleucine and valine together to the
growth medium of TV105, expressing AHAS II only, also
caused the expected increase in the levels of the keto acids
derived from them.

The ilvA219 mutation caused defective feedback inhibition
of threonine deaminase; this led to higher intracellular 2-keto-
butyrate levels, as expected; compare TV506 to TV105 or TV497
to TV496 (Table 4). In TV506, expressing AHAS II only, this
mutation led to an increased doubling time which could be
relieved by valine or pantothenate (Table 2).

Levels of 2-ketobutyrate in S. typhimurium LT2 grown in

TABLE 3. Specific activities of enzymes of the BCAA pathway

Strain Mediuma
Sp act (nmol min21 mg of protein21) ofb:

TDc AHAS Id,e AHAS IId AHAS IIIe KARI DH

S. typhimurium
LT2 Glc 289 6 40 8.9 6 0.1 14.0 6 0.3 7.8 6 2.6 57

Glc 1 i.l.v. 42 5.6 4.6 4.1 NM
TV105 Glc 528 6 20 0 30.4 6 7.0 11.0 6 0.7 97

Glc 1 i.l.v. 35 0 3.7 4.5 NM
TV506 Glc 659 6 20 0 32.6 6 2.2 8.3 6 1.4 56
TV496 Glc 1 Pan 512 6 68 31.3 6 0.3 0 7.6 6 1.2 101

Glc 1 Ile 449 6 70 31.3 6 0.5 0 10.1 6 1.2 115
Glc 1 i.l.v. 168 3.9 0 4.6 NM

TV497 Glc 1 Pan 548 6 98 34.7 6 0.7 0 5.9 6 1.7 156
TV108 Glc 1 Ile 21 61.0 0 9.3 1.4
TV493 Glc 1 Ile, Val 795 6 46 0 0 4.5 6 1.5 NM
TV503 Glc 1 Ile, Val 416 6 23 0 0 4.7 6 0.8 NM

LT2 Acetate 282 6 14 27.0 6 2.5 11.5 6 0.9 9.6 6 0.9 71
TV105 Acetate 510 6 90 0 34.0 6 5.0 13.3 6 3.1 126
TV496 Acetate 334 6 50 62.0 6 6.0 0 6.4 6 1.0 57
TV497 Acetate 1 Pan NM 170.0 0 9.2 NM
TV108 Acetate 35 148.0 0 9.1 NM

E. coli K-12 MM294 Glc 104 6 10 18.7 6 3.0 15.4 6 4.0 25.0 6 3.2 25
Acetate 145 6 35 58.4 6 6.6 37.7 6 7.5 17.0 6 4.0 8.4

a The cells were grown in glucose (Glc) or acetate as described in Table 2, footnote a. Additions to the media were as follows: i.l.v., 0.38 mM each isoleucine, valine,
and leucine (repressing conditions); Val, 0.85 mM valine; Ile, 0.38 mM isoleucine; and Pan, 0.34 mM pantothenate.

b The enzyme activities were determined by standard methods as described in Materials and Methods. TD, threonine deaminase (EC 4.2.1.16); KARI, ketol acid
reductoisomerase (EC 1.1.1.86); DH, dihydroxy acid dehydratase (EC 4.2.1.19). NM, not measured.

c The determination of TD also included the addition of 0.1 to 1.4 mM Ile to assay mixtures to verify the presence of the normal ilvA gene product or the described
ilvA219 mutation leading to feedback insensitivity.

d AHAS isozymes I and II of S. typhimurium were determined differentially on the basis of their differential inhibition by Val and sulfometuron methyl as described
in Materials and Methods. The levels of an isozyme were assumed to be zero in a strain deficient in the gene for that enzyme.

e AHAS isozymes I and III of E. coli were determined differentially on the basis of their differential dependence on FAD (see Materials and Methods). Excess small
subunits of AHAS III were also added to the assay mixtures (see Results).
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acetate were not very different from those in cells grown in
glucose (Table 4), but ketoisovalerate levels were significant-
ly lower in cells grown in acetate. Despite this finding, the
BCAAs did not seem to be limiting under these conditions
(Table 2). Very low levels of 2-ketobutyrate, ketoisovalerate,
and 2-keto-3-methylvalerate were found during growth in ac-
etate in strain TV105, expressing AHAS II only (Table 4).
Under these conditions, TV105 did indeed seem to be limited
in pantothenate, valine, and isoleucine syntheses (Table 2).

Intracellular free amino acid contents. When two indepen-
dent analyses of the free amino acid contents were carried out
(for strains LT2 and TV497), they showed 20 to 30% deviation
between the analyses as a result of the complexity of the bac-
terial extracts. Recovery for all of the amino acids of interest
was about 60 to 70%, as judged by analysis of a control con-
taining known amounts of the amino acids. Despite this uncer-
tainty in the analysis, the data (Table 5) can provide a semi-
quantitative picture of free amino acid levels in the cells. The
concentrations of amino acids relevant to the pathway were in

general quite similar to those reported for E. coli grown in
glucose (58); comparable data for S. typhimurium are not avail-
able.

The apparent free threonine concentration was surprisingly
low in all S. typhimurium strains examined; in TV496 it was too
low for adequate determination (Table 5). Methionine levels
were also very low in the S. typhimurium strains.

The relative levels of the BCAAs in different strains were
in general parallel to the levels of their cognate 2-keto acids
(Tables 4 and 5). Strain TV497, which lacks AHAS II and
harbors a feedback-insensitive form of threonine deaminase,
showed relatively high levels of isoleucine, as expected from
the high levels of 2-keto-3-methylvalerate observed (Table 4)
and from the fact that isoleucine addition to the medium did
not improve the growth of this strain (Table 2). The transam-
ination product of 2-ketobutyrate, 2-aminobutyrate (AB), was
detected in strains which showed relatively high 2-ketobutyrate
levels (Tables 4 and 5).

In order to be able to estimate the required flux of valine

TABLE 4. 2-Keto acid contents of S. typhimurium and E. coli K-12 strains

Strain Mediuma
Intracellular concn (mM) ofb: KIV/KB

ratioPyr 1 PEP (HPLC) Pyr (LDH) KB KIV KIC KMV Glyoxylate

LT2 Glc 1,670 6 170 1,370 6 130 17 6 4 66 6 16 7 6 1 27 6 4 11 6 1 4.0
TV105 Glc 1,190 6 90 930 6 1 9 6 2 20 6 3 7 6 2 19 6 2 11 2.2
TV105 Glc 1 Ile, Val 1,720 NM 22 150 10 113 NC 6.8
TV506 Glc 1,780 6 30 1,570 6 130 36 6 9 10 6 4 6 6 1 180 6 60 NC 0.3
TV496 Glc 1 Pan 1,215 6 90 890 6 40 62 6 6 17 6 1 1.7 6 1 ND NC 0.28
TV496 Glc 1 Ile 1,550 6 300 1,040 6 30 17 6 2 8 6 2 2 6 1 93 6 11 NC 1.1
TV497 Glc 1 Pan 1,250 6 120 990 6 70 140 6 7 23 6 2 ND 64 6 17 NC 0.17
TV108 Glc 1,095 952 132 64 10 45 NC 0.48
TV108 Glc 1 Ile 2,150 NM 6 290 82 340 NC 48
MM294 Glc 1,370 6 140 820 6 70 28 6 2 58 6 3 8 6 2 8 6 1 NC 2.1
LT2 Acetate 1,200 6 80 660 6 10 17 6 2 10 6 1 7 6 1 29 6 4 120 6 20 0.6
TV105 Acetate 730 720 3 1.7 ND 1.8 47 0.5
TV496 Acetate 880 6 70 770 6 20 23 6 2 6 6 1 ND 11 6 2 100 6 10 0.26
MM294 Acetate 650 400 16 7 ND 18 NC 0.44

a Bacterial cultures were grown in glucose (Glc) or acetate. Additions to the media were as follows: Pan, 0.34 mM pantothenate; Ile, 0.38 mM isoleucine; and Val,
0.76 mM valine. Extracts were prepared as described in Materials and Methods.

b Except for pyruvate (Pyr), all keto acids were determined by high-pressure liquid chromatography (HPLC) with precolumn derivatization with 1,2-diamino-4,5-
methylenedioxybenzene as described in Materials and Methods. Pyr was determined by a spectrophotometric method with lactate dehydrogenase (LDH) as described
previously (25). Concentrations were calculated assuming the intracellular volume as described in the text. PEP, phosphoenolpyruvate; KB, 2-ketobutyrate; KIV,
2-ketoisovalerate; KIC, 2-keto-4-methylvalerate (ketoisocaproate); KMV, 2-keto-3-methylvalerate. NM, not measured (the enzyme-coupled assay was not performed);
ND, not detected (#1 mM); NC, not calculated (the determination of glyoxylate required collection and analysis of early data from the HPLC run, which was not always
carried out).

TABLE 5. Free amino acids in bacterial strainsa

Strain Medium
Intracellular concn (mM) ofb:

Thr Val Leu Ile Met 2-Aminobutyrate

LT2 Glucose 0.08 6 0.003 1.14 6 0.01 0.72 6 0.27 0.17 6 0.04 0.070 6 0.006 ND
TV105 Glucose — 1.56 0.65 0.46 0.11 ND
TV496 Glucose 1 pantothenate ND 1.79 1.42 0.37 0.08 0.7
TV496 Glucosec ND 2.37 0.52 0.11 0.07 0.3
TV497 Glucose 1 pantothenate 0.05 6 0.012 1.08 6 0.32 1.12 6 0.05 5.90 6 0.43 0.054 6 0.010 0.50 6 0.03
MM294 Glucose 0.29 3.7 1.08 0.31 0.59 0.1
LT2 Acetate 0.03 3.76 0.26 0.19 0.11 ND

a The amino acid analysis was performed as described in Materials and Methods.
b Bacteria were grown to the steady state, rapidly filtered, and extracted with boiling water as described in the text. Intracellular concentrations were calculated from

the results of automated amino acid analysis with a slow gradient (see Results). Data shown for LT2 and TV497 in glucose medium are the averages of two independent
analyses. ND, not detected (the limits of detection were apparently #0.02 mM). —, peaks of threonine and serine were too close for a reliable estimate of the threonine
concentration in this sample.

c TV496 does not attain a constant growth rate in glucose minimal medium without additions. An aliquot of a culture grown to the steady state with the addition
of pantothenate was diluted 10-fold to an absorbance of 4 Klett units in glucose minimal medium and allowed to double three times (40 Klett units) before being
harvested for amino acid analysis.
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plus leucine and isoleucine into protein in growing cells, the
total amino acid contents (after acid hydrolysis) of S. typhi-
murium LT2 were measured. The amino acid contents found
were similar to those reported for E. coli (50).

Inhibition of AHAS isozymes by glyoxylate. The inhibition of
AHAS by glyoxylate has been reported previously (14), but
details are available in the literature only for AHAS III (28).
We examined the kinetics of the other isozymes under the
standard conditions that we assume are relevant to their intra-
cellular function, pH 7.6. The Km of isozyme I for pyruvate was
1.6 mM under these conditions (data not shown). Glyoxylate
behaved as a competitive inhibitor of AHAS I, with a Ki of
0.14 mM (Fig. 2A). The behavior of isozyme II, with a Km for
pyruvate of 5.3 mM under our standard conditions, was more
complex (Fig. 2B); the nonlinear Dixon plots for glyoxylate
inhibition suggested that there is more than one mode of in-
teraction of glyoxylate with the enzyme, perhaps involving com-
petition with each of the two substrate pyruvate molecules
(28). On the other hand, the inhibition observed in the pres-
ence of 1 mM pyruvate plus 0.1 mM 2-ketobutyrate was quan-
titatively similar to that observed with pyruvate alone. The
total rates of these reactions in the absence of glyoxylate were
expected to be the same, even though in the former case most
of the product was expected to be acetohydroxybutyrate (28).

DISCUSSION

Despite the great interest in the BCAA pathway, reinforced
in recent years by the economic importance of herbicides
which inhibit it, there has not yet been a comprehensive at-
tempt to analyze the function of its components as they act
together. There have in fact been only a few such quantitative
studies of the biosynthesis of any amino acid (10, 75, 76). In
our present study of BCAA synthesis in S. typhimurium, we
made simultaneous measurements in growing cells of the levels
of several enzymes, substrates, and intermediates using a num-
ber of isogenic mutants and different carbon sources. This in-
vestigation provided unique data which allow for the first time
a quantitative assessment of the roles of the AHAS isozymes.
The measured levels of the intermediates require a revision of

our suggestions (2, 3, 29) concerning the way in which AHAS
isozymes contribute to the fitness of enterobacteria.

Calculated fluxes. The measurement of intracellular pyru-
vate and ketobutyrate concentrations (Table 4) and of the spe-
cific activities of the AHAS isozymes (Table 3) under a sin-
gle set of conditions allowed us to calculate predicted fluxes
through each isozyme to each of the acetohydroxy acids (Fig.
3). The kinetic parameters used were obtained under condi-
tions close to those expected for the intracellular environment
in which the isozymes function. The minimal required flux to
each of the BCAAs, calculated from the doubling times for the
strains and media in question (Table 2) and the amino acid
compositions of the cells, are given in Fig. 3. Because of the
uncertainties in the data, we estimate that the calculated fluxes
in Fig. 3 have an uncertainty of about 30%.

There is a reassuring agreement between the calculated
fluxes to acetolactate and acetohydroxybutyrate, on the one
hand, and the required fluxes to leucine plus valine and to
isoleucine, on the other hand, in LT2 grown in glucose (Fig. 3).
The flux to pantothenate can be disregarded in this comparison
since it is estimated to be about 1/20 the combined flux to
leucine and valine (13). Although the apparent specific activity
of AHAS II is higher than that of AHAS I under these con-
ditions, AHAS I provides about two thirds of the combined
flux to leucine and valine because isozyme I has a lower Km for
pyruvate than isozyme II and because almost all of the flux
through it is to acetolactate. More than 90% of the flux to
isoleucine is provided by AHAS II (Fig. 3), even though this
isozyme is calculated to produce at least as much acetolactate
as acetohydroxybutyrate at the intracellular pyruvate/ketobu-
tyrate concentration ratio observed (Table 4).

When strain LT2 grows in acetate, a number of changes
affect the fluxes in the pathway. Because the doubling time for
cells in acetate is nearly twice as long as that in glucose (Table
2), the minimal required fluxes to the amino acids for growth
in acetate are only about half those calculated for growth in
glucose (Fig. 3). The change in carbon source leads to a more
than twofold decrease in the intracellular pyruvate concentra-
tion (Table 4), but it is important to note that we did not
observe the drastic decrease in pyruvate levels previously re-

FIG. 2. Inhibition of AHAS activity of glyoxylate. (A) Effect of glyoxylate on AHAS I. The activity in the presence of various glyoxylate concentrations was
monitored by a standard method at pyruvate concentrations of 0.5 mM (E), 1 mM (‚), or 3 mM (h). The data could be fit (curves) by assuming competitive inhibition,
with a Km (pyruvate) of 1.6 mM and a Ki (glyoxylate) of 0.14 mM. The insert is a Dixon plot of the data. (B) Effect of glyoxylate on AHAS II. In addition to experiments
at 1 mM (‚) or 3 mM (h) pyruvate, measurements were made in the presence of 1 mM pyruvate plus 0.1 mM 2-ketobutyrate ( ), conditions under which .85% of
the product was expected to be acetohydroxybutyrate (24). The data could not be fit by any simple inhibition mechanism; the curves are a fit of the data (pyruvate only)
to competition dependent on the square of the glyoxylate concentration: V(inhibited) 5 V0/{1 1 ([glyoxylate]/K)2}, where K is 0.169 mM. The insert is a Dixon plot of
the data.
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ported for E. coli (16, 46). More important, it appears that the
intracellular levels of glyoxylate, a potent inhibitor of the
AHAS isozymes of enterobacteria (14, 28), increase from about
10 mM in glucose-grown cells to approximately 100 mM when
acetate is the sole carbon source (Table 4). A calculation based
on the parameters used in Fig. 2 indicates that the effective
rates of the AHAS reactions will be decreased by 1.5- to 3-fold
by 100 mM glyoxylate. S. typhimurium is able to continue to syn-
thesize the BCAAs under these circumstances because growth
in acetate leads to a nearly fourfold induction of AHAS I
expression (Table 3). We have included an estimation of the
effects of glyoxylate in all of the calculated fluxes given here for
growth in acetate as a carbon source. Figure 3 shows that over
90% of the calculated flux to acetolactate in S. typhimurium
LT2 grown in acetate is due to AHAS I, although AHAS II
remains the major source of flux (60 to 70%) to acetohydroxybu-
tyrate.

We also estimated the relative contributions of AHAS iso-
zymes I and III to the fluxes in the pathway. The calculated
fluxes to the acetohydroxy acids in E. coli K-12 strain MM294
(which is wild type with regard to the BCAA pathway) grown
in glucose minimal medium are in reasonable agreement with
the minimal required fluxes to the amino acid end products.
AHAS I seems to play a more major role in this case than it
does in S. typhimurium LT2, perhaps because AHAS III has
a lower specificity for 2-ketobutyrate than does AHAS II
(R values, 40 and 65, respectively). The slightly higher growth
rate (Table 2) and lower intracellular pyruvate concentrations
(Table 4) in the E. coli strain also may be significant in this

regard. Surprisingly, the expression of both isozymes is signif-
icantly higher when this E. coli strain is grown in acetate (Table
3), so that AHAS III plays almost as significant a calculated
role in this medium as it does during growth in glucose, e.g.,
providing 65% of the flux to acetohydroxybutyrate and ;10%
of the flux to acetolactate.

The calculations of predicted fluxes in Fig. 3 (see Fig. 4) do
not take into consideration the regulatory effect of valine as an
allosteric feedback inhibitor of AHAS I. The measured free
valine concentrations reported in Table 5 would lower the
activity of AHAS I at the observed pyruvate levels by a factor
of 3 to 10 or more (calculations not shown). The resulting
overestimation of the flux through AHAS I might be more
serious for growth in acetate, since the valine level measured in
S. typhimurium LT2 grown in acetate is significantly higher
than that for cells grown in glucose.

Behavior of isogenic mutants. The quantitative analysis of
the pathway in isogenic mutants of S. typhimurium LT2 con-
taining a single AHAS isozyme further illuminates the roles of
multiple isozymes in enterobacteria (Fig. 4). TV105, which
expresses only AHAS II, is able to grow in glucose at a normal
rate (Table 2) because of two regulatory adaptations: (i) the
level of AHAS II expressed is two times that in the wild type
(Table 3), and (ii) the steady-state concentration of 2-ketobu-
tyrate is reduced by about twofold (Table 4). These adapta-
tions are the result of known regulatory mechanisms; the ex-
pression of the ilvGMEDA operon is attenuated by multivalent
action of the three BCAAs, and the activity of threonine

FIG. 3. Estimated fluxes in the BCAA biosynthetic pathway. Fluxes estimated for S. typhimurium LT2 and E. coli K-12 MM294 in glucose and in acetate minimal
media are given in units of millimolar minute21 over the flux arrows, which are drawn with thickness proportional to flux. Fluxes through the AHAS isozymes to the
two acetohydroxy acids (acetolactate [AL] and acetohydroxybutyrate [AHB]) were calculated from the intracellular pyruvate and 2-ketobutyrate (2KB) micromolar
concentrations (at left in each portion of the figure [from Table 4]) and from the measured activity of each isozyme (Vmax in units of flux of millimolar minute21,
calculated from the specific activities shown in Table 3 as described in Materials and Methods). Fluxes were calculated from V 5 Vmax[Pyr]/(Km 1 [Pyr]), where the
Km values are 1.64, 5.3, and 6 mM for AHAS I, II, and III, respectively. Fluxes in acetate medium were approximated for AHAS I or III by assuming that Km(app) 5
Km(1 1 100 mM/Ki), where the values of Ki, the inhibition constant for glyoxylate, are 140 and 150 mM, respectively, for isozymes I and III. For isozyme II, we used
the phenomenological relationship shown in Fig. 2B. The partitioning of flux to the two products, AL and AHB, was calculated from VAHB/VAL 5 R([KB]/[Pyr]), where
the R values are 2, 65, and 40 for AHAS I, II, and III, respectively (29). The required (minimal) flux, J, to each amino acid was calculated from the doubling time of
the cells, t (Table 2), the total amino acid content, A (320, 350, and 190 mmol of Val, Leu, and Ile g [dry weight]21, respectively), and the assumption that 1 g (dry
weight) of cells contains 2.4 ml of intracellular water (50, 58): J 5 (ln2/t) 3 (A/2.4).
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deaminase is regulated allosterically by the relative levels of
valine and isoleucine (12, 23, 32, 65).

On the other hand, TV496, which expresses only isozyme I
of AHAS, grows very slowly in glucose (Table 2). The addition
of pantothenate allows this strain to grow nearly as rapidly as
the wild type. The adaptation of this strain to growth in glucose
in the presence of pantothenate involves a fourfold increase in
the expression of AHAS I relative to that in LT2 (Table 3), as
well as the accumulation of 2-ketobutyrate to a level about four
times higher than the steady-state level observed in the wild
type (Table 4). These adaptations seem to satisfy the require-
ments for BCAA synthesis (Fig. 4), and we must look else-
where to understand why pantothenate or methionine is re-
quired for the rapid growth of TV496 in glucose (see below).

In acetate, TV105 expressing only AHAS II grows very slow-
ly; the addition of both valine and isoleucine to the medium is
required to raise the growth rate to that of the wild type (Table
2). Figure 4 shows that AHAS II, at a level which apparently
represents maximum derepression of the ilvGMEDA operon, is
able to provide a barely sufficient flux through each of the
branches of the pathway to sustain the observed slow growth.
The flux through this enzyme is calculated to be low chiefly
because of the inhibitory effect of the high glyoxylate levels in
cells grown in acetate (Table 4). TV496, containing AHAS I
only, is also somewhat limited in growth in acetate (Table 2),
despite a very high level of expression of this isozyme (Table
3). The calculated fluxes shown in Fig. 4 suggest that isoleucine
production should be the limiting factor in this strain; it is not
clear why the addition of isoleucine has so little effect on
growth under these conditions (Table 2).

Regulation of AHAS I by valine. In some cases, e.g., the
growth of TV496 in glucose with added pantothenate, the in-
clusion of the inhibitory effect of valine in the estimation of flux
through AHAS I (Fig. 4) would be inconsistent with the ob-
served growth rate (Table 2). It is possible that the measured
values for free amino acids represent in part sequestered labile
intermediates or some other experimental error of unknown
origin. However, it is also conceivable that some form of met-
abolic channeling among the enzymes of the pathway is re-
sponsible for the apparent paradox. Ratzkin and coworkers
suggested some years ago, on the basis of indirect genetic

evidence, the existence of a complex of the BCAA pathway
enzymes in E. coli which synthesizes valine from pyruvate (60).
The isolation of such a complex from Neurospora crassa by
gradient centrifugation has also been reported (5).

Imbalance among 2-keto acids. Due to the close structural
relationship among the 2-keto acids involved in the BCAA
pathway, enzymes cannot always completely differentiate among
them (42, 56). In the reaction catalyzed by ketopantoate hy-
droxymethyl transferase (EC 2.1.2.11), competition between
2-ketoisovalerate and 2-ketobutyrate can lead to the formation
of a desmethyl analog of ketopantoate (56) which might be an
antimetabolite for coenzyme A synthesis. The synthesis of nor-
valine from 2-ketobutyrate by the enzymes of the leucine
branch of the pathway is a further possible result of an unusu-
ally low 2-ketoisovalerate/2-ketobutyrate ratio (7, 36, 69). To-
gether, these effects are expected to have ramifications which
lead to a methionine deficiency (41, 44, 57, 70).

TV496, which expresses only AHAS I, shows the character-
istic behavior ascribed to such problems (57); it grows very
slowly in glucose, but pantothenate, methionine, or isoleucine
supplementation can each support its growth at nearly wild-
type rates (Table 2). Similar reversals by these nutrients were
obtained (69) when sulfometuron methyl, a specific inhibitor of
AHAS II (39), was added to cells of the parent LT2 strain in
glucose medium supplemented with adenine. This result sug-
gests that the conditional nature of the defect in TV496 is not
a consequence of the specific ilvG mutation in the strain. In
TV496 grown in glucose, the ratio of 2-ketoisovalerate to 2-
ketobutyrate is less than 0.3, about 1 order of magnitude lower
than that observed in S. typhimurium strains which are pro-
totrophic in glucose, such as LT2 or TV105 (Table 4). This
observation demonstrates that an imbalance in 2-keto acid con-
centrations could be the cause of the auxotrophy of this strain,
which we could not explain on the basis of the calculated fluxes.

Isoleucine can support the growth of the strain that ex-
presses only AHAS I, TV496, with glucose as the sole carbon
source because it depresses the 2-ketobutyrate concentration
(Table 4). The fact that the growth of TV497, harboring a
feedback-insensitive form of threonine deaminase (43), cannot
be supported by isoleucine in glucose minimal medium (Table
2) indicates that an elevated concentration of 2-ketobutyrate

FIG. 4. Fluxes estimated for two mutant strains of S. typhimurium containing a single AHAS isozyme in glucose or acetate minimal medium. Calculated fluxes to
the acetohydroxy acids were estimated from the data shown, and required fluxes to the three BCAAs were calculated from the doubling times as described in the legend
to Fig. 3. Note that the data for TV496 were for growth in the presence of added pantothenate.
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can be detrimental. The ratio between 2-ketoisovalerate and 2-
ketobutyrate is lower upon growth in acetate than upon growth
in glucose for LT2 and is particularly low for TV496. This
finding may explain why this strain grows more slowly than the
wild type in acetate medium (Table 2), despite expressing
AHAS I, the isozyme presumed optimal for growth in a carbon
source such as acetate.

Threonine deaminase function. The physiological impor-
tance of threonine deaminase in the regulation of flux to valine
as well as isoleucine has long been recognized (65). The data
presented here show that the enzyme operates in S. typhimu-
rium at a threonine concentration (#0.1 M) (Table 5) at which
its activity is far below its maximal velocity and is inversely
proportional to the isoleucine concentration (21–23). The min-
imal required flux through threonine deaminase in strain LT2
(i.e., the calculated flux to isoleucine, 0.72 mM min21) is less
than 1% the measured activity of the enzyme in this strain
under optimal conditions (equivalent to 140 mM min21).
These observations demonstrate the quantitative importance
of this feedback regulation in S. typhimurium.

Further evidence for the physiological importance of this
regulation is seen in the properties of S. typhimurium strains
carrying the ilvA219 mutation, leading to a threonine deami-
nase defective in feedback inhibition. These strains grow poor-
ly under many conditions compared to isogenic strains which
have a single AHAS isozyme and which express wild-type thre-
onine deaminase (Table 2). As expected, they generally have
elevated intracellular levels of 2-ketobutyrate and 2-keto-3-
methylvalerate and reduced levels of ketoisovalerate compared
to those with feedback-sensitive threonine deaminase (Table
4). A milder version of this phenotype was previously ascribed
to a strain carrying the ilvA219 allele in conjunction with a full
complement of AHAS I and AHAS II encoded by ilvBN1 and
ilvGM1; this strain accumulated 2-keto-3-methylvalerate, al-
though it did not show a growth defect (43, 69).

Conclusions. Although the enterobacteria have adopted mul-
tiple isozymes, each regulated in a different manner, as a com-
mon strategy for controlling flux to different end products in
branching pathways (31), the multiple isozymes of AHAS clear-
ly do not represent a simple example of such a strategy. In
addition to maintaining the availability of each of the amino
acids for protein synthesis, the machinery for the biosynthesis
of the three BCAAs must allow close regulation of concentra-
tions of intermediates which may potentially interact with oth-
er pathways. These problems arise because of fundamental
limitations in the specificities of enzymes.

The role of multiple AHAS isozymes in the enterobacteria
in meeting these challenges is complex. In wild-type LT2, iso-
zyme I provides most of the flux to valine, leucine, and panto-
thenate, while isozyme II provides most of the flux to isoleu-
cine. Either of these isozymes by itself is able to provide for
adequate flux to both sets of products under the physiological
conditions appropriate for the isozyme. The limitations on
strains with single isozymes are different. A strain with isozyme
I only is limited during growth in glucose by the low specificity
of this enzyme for 2-ketobutyrate. The elevated threonine
deaminase activity engendered by isoleucine limitation then
leads to increased 2-ketobutyrate and decreased 2-ketoiso-
valerate levels, which ultimately interfere with the synthesis of
coenzyme A and methionine. AHAS isozyme II (or III) is
optimized to cope with these problems by preferring 2-ketobu-
tyrate over pyruvate with a specificity close to the physico-
chemical limits for the selective recognition of a methyl group
by a protein (28). On the other hand, a strain with isozyme II
only is limited in growth in, e.g., acetate, because of its high
Km for pyruvate and its sensitivity to inhibition by glyoxylate.

AHAS I, with its low Km for pyruvate, is better designed for
dealing with competition by glyoxylate for the pyruvate binding
site on AHAS. It is conceivable that no single enzyme could
possibly be adequate for the varied conditions that the entero-
bacteria successfully encounter.

The existence of multiple isozymes of AHAS is not the rule
among autotrophic organisms. A variety of organisms, includ-
ing plants (49), algae (71), yeasts (26), gram-positive bacteria
(33), cyanobacteria (34), and archaebacteria (8), appear to
have a single AHAS regulated by a single amino acid. Some
of these organisms no doubt manage well with only a single
AHAS due to the compartmentalization of the BCAA pathway
and glyoxylate shunt in separate organelles, while others may
be more restricted in the range of external conditions that they
cope with naturally.

Studies of the quantitative details of a complex metabolic
pathway such as that involved in the biosynthesis of a group of
amino acids do not deal with a completely defined system
because of interactions with other pathways and possible ef-
fects of still-undefined protein-protein interactions. They are
thus unlikely to lead rapidly to a comprehensive quantitative
model (e.g., one that can be tested as a mathematical model).
Nonetheless, such studies are likely to provide insight into the
workings of pathways within the crowded confines of the cell
and into the evolution of metabolic function. Such studies of
metabolic complexity are crucial for an understanding of the
biochemistry of living cells and may have relevance to systems
as diverse as multicomponent regulatory cascades and inborn
errors of human metabolism.
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